Cysteine substitution followed by thiol modification has long been used to explore the structure and topology of ion channels and transporters. Recently, wider structural insights have been achieved by combining chemical modification with data from crystal structures. New thiol derivatives have provided novel resources to determine near-neighbor interactions, including salt bridges and hydrophobic bonds, state-dependent accessibility via crosslinking that traps specific conformational changes, protein dynamics via fluorescent derivatives, etc. (Karlin and Akabas, 1998; Newell and Czajkowski, 2007; Zhu and Casey, 2007; Gandhi and Olcese, 2009 ). These data provide experimental constraints that can be used in molecular modeling of ion channels and transporters, including those for which little is known structurally because of the lack of high resolution structures. The chemical modification strategy can serve to test, validate, and refine the *X. Tong and W. Lopez contributed equally to this work. Correspondence to Jorge E. Contreras: c o n t r e j o @ n j m s . r u t g e r s . e d u Abbreviations used in this paper: BSO, l-buthionine-S,R-sulfoximine; Cx26, connexin 26; GSH, glutathione; maleimide ES, N-2-sulfoethyl maleimide; MTSES, 2-sulfonatoethyl MTS; rGSH, reduced GSH; TBHO 2 , tertButyl hydroperoxide; TSF, transport-specific fractionation. models provided by crystal structures in specific conformational states.
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The most commonly used thiol reagents are those derived from MTS. The MTS reaction with thiols is reversible upon treatment with reducing agents such as DTT and TCEP, a property that serves as an experimental control to show specificity of the modification. Ideally, to assess MTS accessibility to the channel pore, one would like to use the inside-out or outside-out patch configuration to avoid modification of other cellular targets that could affect interpretation of the results. However, for many ion channels, the excised patch configuration is problematic because of rundown and instability over the time course of the experiments. Chemical modification studies can be profitably performed in whole cells (e.g., Xenopus laevis oocytes) for channels and transporters where excised patches are not feasible, including P2X, STIM, and Hv1 channels (Li et al., 2008; Gonzalez et al., 2010; Allsopp et al., 2011; Kawate et al., 2011; Amcheslavsky Glutathione release through connexin hemichannels: Implications for chemical modification of pores permeable to large molecules , and 5 HEPES, pH 7.4. Currents from oocytes expressing Cx26 and cysteine mutants were recorded 1-3 d after cRNA injection using an oocyte clamp (OC-725C; Warner Instruments). Antisense oligonucleotide against the endogenous connexin, Cx38 (1 mg/ml), was always coinjected along with hCx26 or mutant mRNA. Currents were sampled at 2 kHz and low pass filtered at 0.2 kHz. Microelectrode resistances were between 0.1 and 1.2 MΩ when filled with 3 M KCl. All recordings were performed using agar bridges connecting bath and ground chambers.
Measurement of chemical modification
Hemichannel currents from oocytes expressing wild-type Cx26 or cysteine mutations were obtained in a Ringer's solution containing low Ca 2+ (0.25 mM), which facilitates opening of connexin hemichannels. Chemical modification by membrane-impermeable 2-sulfonatoethyl MTS (MTSES) or N-2-sulfoethyl maleimide (maleimide ES) was performed by superfusion of the oocyte under TEVC. The solution containing the reagent was freshly prepared by directly dissolving the compound in the external solution to a final concentration of 100-500 µM. Chemical modification was assessed by measuring the tail current peaks after reaching current saturation during a depolarizing pulse from 80 to 0 mV. Because of the slow kinetics of activation and deactivation of Cx26 hemichannels, large depolarizing pulses were used to reach steady state. MTSES and maleimide ES were purchased from Toronto Research Chemicals Inc. To reduce reduced GSH (rGSH) levels using tert-butyl hydroperoxide (TBHO 2 ), oocytes containing Cx26 cysteine mutants were perfused in the low Ca 2+ Ringer's solution with 2 mM TBHO 2 for 15 min before the application of MTSES. TBHO 2 was not applied in the presence MTSES, but washing off was performed in its presence. To reduce intracellular levels of GSH, we used l-buthionine-S,R-sulfoximine (BSO), an inhibitor of gamma-glutamylcysteine synthetase. Freshly isolated Xenopus oocytes were incubated in a low Ca 2+ Ringer's solution containing et al., 2014) . In this configuration, chemical accessibility can be achieved only from the extracellular side yet can yield novel insights regarding the structural and functional properties of the domains that gate the channels. Here, we apply two classes of thiol-reactive reagents to explore pore accessibility of specific residues in the connexin 26 (Cx26) channel. The results are informative about channel-gating residues and molecular permeability of the channels, and highlight a caution about the use of reducible thiol-linkage chemistries when studying wide pores. We observed that glutathione (GSH) and other reducers permeate through the connexin channel pore, which may have important implications in cellular physiology.
M A T E R I A L S A N D M E T H O D S
Channel expression and molecular biology cDNA for hCx26 was purchased from OriGene. Wild-type Cx26 was subcloned in the pGEM-HA vector (Promega) for expression in Xenopus oocytes. Cysteine substitutions in hCx26 were produced with QuikChange II Site-Directed Mutagenesis kits (Agilent Technologies). DNA sequencing performed at the NJMS Molecular Resource Facility confirmed the amino acid substitutions. Nhe1-linearized hCx26 wild-type and mutant DNAs were transcribed in vitro to cRNAs using the T7 Message Machine kit (Ambion).
Electrophysiology
Electrophysiological data were collected using the two-electrode voltage-clamp technique. All recordings were made at room read at 1-min intervals for 5 min to calculate the nanomoles of GSH in the sample, as suggested by the manufacturer.
Protein purification and transport-specific fractionation (TSF) Permeability of several cytosolic reductants through connexin channels was tested using a liposome-based TSF system used previously to define the permeability of specific molecules through connexin channels (Bevans et al., 1998; Koreen et al., 2004; Ayad et al., 2006) . In brief, homomeric Cx32, Cx26, and heteromeric Cx26/Cx32 channels were immunopurified from a heterologous expression system , and the purified hemichannels were reconstituted into unilamellar rhodamine-labeled phospholipid liposomes. The molecular tracer to be tested is entrapped in the liposomes during reconstitution. By design, a significant fraction of the liposomes does not contain functional channels (average channel to liposome ratio, 0.7). The liposomes are centrifuged through an iso-osmolar density gradient that fractionates the liposomes into two populations. The liposomes that are permeable to sucrose (e.g., have functional sucrose-permeable channels) become more dense and move to a lower position in the gradient, whereas those that are not remain in the upper part of the gradient. The result is two populations of channels: an upper band of liposomes that are not permeable to sucrose (containing no functional channels), and a lower band of liposomes that are permeable to sucrose (containing functional, sucrose-permeable channels). The 20 mM BSO. After 24 h, the oocytes were injected with mRNA for hCx26 wild type or mutants. Chemical modification with MTSES was performed between 60 and 72 h after BSO treatment. The oocyte solution was changed daily with freshly prepared BSO.
Measurement of GSH levels
The total intracellular GSH concentration from Xenopus oocytes was determined by using the GSH assay kit from Sigma-Aldrich. For intracellular measurements, selected oocytes were kept in ND96 solution with low Ca 2+ (0.25 mM) containing or not 20 mM BSO. After 48 and 72 h, the collected oocytes first were deproteinized with 5% 5-sulfosalicylic acid solution, followed by centrifugation to remove the precipitated protein, and then assayed for GSH as per the manufacturer's instructions. For measuring extracellular GSH release, 30 oocytes per condition were incubated in 100 µl of low Ca 2+ (0.25 mM) solution 1 d after injection or not with hCx26 mRNA. The extracellular medium was collected 6 and 24 h after incubation. The measurement of GSH was achieved by using a kinetic assay in which catalytic amounts (nmol) of GSH cause a continuous reduction of 5,5-dithiobis(2-nitrobenzoic acid) to TNB, and the oxidized form of GSH (GSSG) formed is recycled by GSH reductase and NADPH. The GSSG present will also react to give a positive value in this reaction. The assay uses a standard curve of rGSH to determine the amount of GSH in the biological sample. A plate reader was set to 412 nm with kinetic internal control, a molecule that is not permeable through the Cx26 and Cx26/Cx32 channels but is permeable through the Cx32 channel was used (3-PA, a derivatized trisaccharide; Locke et al., 2004) .
Online supplemental material Fig. S1 shows that the application of MTSES and maleimide does not modify tail current wild-type hCx26 hemichannels expressed in Xenopus oocytes. Fig. S2 shows that introduced cysteines are repeatedly modified with MTSES after washing off the reagent. Fig. S3 demonstrates that Cx46 is also reversely modified by MTSES at an introduced cysteine in the pore. Fig. S4 shows that treatment with BSO significantly reduces rGSH in Xenopus oocytes. Fig. S5 shows higher extracellular levels of GSH in oocytes expressing hCx26 hemichannels when compared with noninjected oocytes.
R E S U L T S
Reversible chemical modification by MTS at cysteine residues lining the connexin pore Cysteine substitution followed by modification by MTS is a useful tool to define the roles of pore-lining and charged residues in the gating and conductance of two bands are recovered, and the tracer to liposome ratio in each population is determined. The tracer to lipid ratio in the upper band serves as an internal control for tracer loading and nonspecific leakage from the liposomes. If a test molecule is permeable through the channels, it will be lost from the lower population of liposomes. If it is impermeable, the tracer to lipid ratio in the lower band is the same as in the upper band. Typically, 30-50% of the liposomes are in the lower band. If a purification/reconstitution is unsuccessful, there is no lower band (i.e., no functional channels), so there is nothing to measure; the key to the permeability measurement is comparison of the tracer to lipid ratio in the population of liposomes. This method has been used to assess permeability to a variety of molecules, including fluorescent tracers, cyclic nucleotides, and inositol phosphates (Bevans et al., 1998; Koreen et al., 2004; Locke et al., 2004; Ayad et al., 2006) . It is used here to assess permeability of several cellular reductants.
GSH, NADH, and NADPH levels in each population of liposomes (upper and lower bands) were assessed. The GSH was assayed by the method described above. The NADH and NADPH were assayed as described in Graeff and Lee (2002) . The retention or release of the nucleotides from the liposomes was assessed as the relative amount of nucleotide per liposome. Data are tracer/liposome ratios in lower TSF band as percentage of ratio in upper-band liposomes in the same gradient, corrected for nonspecific binding. As a positive (Left) Dots show the time course of maximal tail current for an oocyte pretreated with 2 mM TBHO 2 , which was then exposed to MTSES. Wash off of MTSES was in the presence of TBHO 2 . (Right) Same experiment, but with 24-48-h preexposure to BSO. The tail currents were measured in the presence of 0.25 mM of extracellular Ca 2+ after a depolarizing pulse from 80 to 0 mV. (B and C) Representative experiments for MTS modification at positions D46C and G45C, respectively, as described in A. fication after washing off MTSES (Fig. S3) , further supporting slow permeation of a reducing agent through connexin channels.
Decrease of cellular rGSH decelerates and attenuates reversibility of MTSES effects
To explore whether a cytoplasmic reducing agent was reversing the MTSES modification, we reasoned that the reversibility would be attenuated if cellular rGSH, the primary cytoplasmic reducing agent, were decreased in the oocytes. Two reagents were used to manipulate the levels of rGSH: TBHO 2 , which increases the oxidized GSH (GSSG) level by oxidizing rGSH (Ochi, 1992; de la Peña et al., 2011) and BSO, an inhibitor of GSH biosynthesis (Griffith and Meister, 1979; Övey and Naziroğlu, 2015) . Thus, BSO treatment decreases total GSH, and TBHO 2 decreases rGSH specifically. Fig. S2 shows that BSO treatment significantly decreased the levels of cellular rGSH. Fig. 3 shows representative traces of the results of oocyte treatment with these reagents on reversal of MTSES effects. In each case, the reversibility of the MTSES effect on the currents after washout was substantially delayed and/or attenuated. Note that there was no significant effect of either reagent on resting current levels. Fig. 4 shows the percentage of reversibility from MTSES modification (after 5-min wash off) for D50C, D46C, and G45C mutants. In the absence of BSO or TBHO 2 , all three mutants showed almost full recovery from MTS modification (Fig. 4, white bars) ; however, in the presence of the BSO or TBHO 2 , only partial recovery is observed.
connexin channels (Kronengold et al., 2003a; Tang et al., 2009; Verselis et al., 2009; Lopez et al., 2013; Sánchez et al., 2013) . Here, this technique was applied to explore the functional roles of three residues (D50, D46, and G45) that line the extracellular side of the pore and have been shown to be involved in electrostatic stabilization of the open state and/or regulation of the channels by extracellular calcium ion. Previous reports from us and other groups have shown that hemichannel currents significantly increase when cysteines substituted at these positions are exposed to and modified by MTSES, a negatively charged MTS reagent (Sánchez et al., 2010 (Sánchez et al., , 2013 Lopez et al., 2013 ; MTSES modification of D50C and D46C reestablishes the native negative charge at this position that stabilizes the open state). The locations of these residues are depicted in Fig. 1 .
An example of the effect of MTSES modification is shown in Fig. 2 A (left) , which depicts representative current traces in response to a depolarizing pulse in an oocyte expressing D50C mutant hemichannels. The current traces were obtained at 0.25 mM Ca 2+ to enhance hemichannel opening (low Ca 2+ facilitates Cx26 hemichannel currents). As expected, the holding and tail currents significantly increased in the presence of 500 µM MTSES (Fig. 2 A, left, orange trace), compared with the currents before MTSES exposure (black trace). Strikingly, within 5 min after wash off of MTSES, the holding and tail currents returned to levels similar to those observed before MTSES exposure (blue trace). The time course of the MTSES effect on the peak tail currents and its (unexpected) reversal after MTSES washout were determined (Fig. 2 A, right) . Tail currents increased after the addition of MTSES, but after washout, the currents returned to the original levels, with an approximate time constant of 358 s. Similar effects were seen for MTSES exposure to D46C and G45C channels, with reversal of the MTSES effects having time constants of 180 and 715 s, respectively (Fig. 2, B and C) . No modifications were observed in wild-type Cx26 currents in the presence, or after wash off, of 500 µM MTSES (Fig. S1 A) . The reversibility of the effect of MTSES on the currents mediated by cysteine mutants suggested that MTS modification was being chemically reversed, as a second application of MTSES has a similar effect to the first application (Fig. S2) . The MTS-thiol linkage can only be broken by reducing agents, raising the intriguing possibility that endogenous cytosolic reducing agents permeate the connexin pore to reverse the MTS modification. A recent study showed slow permeation of GSH through Cx46 hemichannels (Slavi et al., 2014) . We examined whether MTSES modification was reversible in Cx46 hemichannels containing a substituted cysteine at pore-lining position 43 (E43C). Although Cx46 E43C channels showed slower MTSES modification than that observed for cysteine mutants of Cx26 hemichannels, there was a sustained recovery from the chemical modi- GSH were higher in the external media from oocytes injected with hCx26 when compared with noninjected oocytes after 6 and 24 h of incubation in Ringer's solution containing 0.25 mM Ca 2+ (Fig. S5 ). To directly demonstrate permeability of cellular reductants through connexin hemichannels, we used a liposome-based assay of molecule permeability of connexin channels, previously used to demonstrate connexin channel permeability to inositol phosphates (Ayad et al., 2006) . In this all-or-none assay of permeation, retention/leakage of test compounds through hemichannel-containing liposomes is compared with that of liposomes that do not contain functional connexin channels. As shown in Fig. 5 , all of the tested cellular reductants (GSH, NADH, and NADPH) were permeable through all the connexin channels tested (homomeric Cx26 and Cx32, and heteromeric Cx26/Cx32). 3-PA, which is a trisaccharide derivative, permeates Cx32 channels but not Cx26-containing channels, as reported previously (Bevans et al., 1998; Locke et al., 2004) . The results confirm that several cellular reductants freely permeate a variety of connexin channels and thereby have access to pore-lining residues.
Overall, the effect of the treatment with TBHO 2 showed higher effectiveness than BSO. This could be explained by the modest reduction of rGSH by BSO treatment (Fig. S4) , which relies on enzymatic inhibition, compared with the direct oxidizing effect of TBHO 2 . These results indicate that cellular depletion of rGSH enhances the stability of the MTSES modification of Cx26 at these residues, consistent with the idea of cellular reductants playing a role in reversal of MTSES effects.
Connexin hemichannels are permeable to cytosolic reducers
Connexin channels are generally thought to be permeable to molecules with diameters below 12 Å, and a variety of studies on several connexin isoforms suggests that molecules of the size of cellular reducing agents, such as GSH, NADH, and NADPH, are permeable (Harris, 2007) . There is indirect evidence for permeability of GSH and NAD + through Cx43 hemichannels (Barhoumi et al., 1993; Bruzzone et al., 2001; Stridh et al., 2008) , and for permeability of GSH though Cx46 gap junctions (Slavi et al., 2014) . Consistently, we found that extracellular levels of Percentage of liposomes permeable to cytosolic reducing agents for liposomes containing either homomeric or heteromeric hemichannels formed by Cx32, Cx26, and Cx32/26. Orange bars, GSH; blue bars, NADH; green bars, NADPH. Homomeric and heteromeric hemichannels were fully permeable through all tested reducers. 3-PA (black bars), a trisaccharide derivative known to be permeable through Cx32 channels but not Cx26-containing channels, was used as control. Error bars represent the mean ± SEM of at least three independent measurements. Importantly, the effect of maleimide modification on the connexin currents, in contrast to MTSES modification, did not reverse after washout (Fig. 6, B and C) . Collectively with the previous data, this confirms that the reversal of the MTSES effects is caused by exposure of cell-generated reducing agents accessing the sites via the connexin pore itself.
D I S C U S S I O N
The use of MTS reagents to identify accessible cysteines introduced by mutagenesis minimally requires that the reagents have no effect on channel/transporter function in the absence of the cysteine substitution, and that the functional change seen upon MTS exposure persists after MTS washout. Although MTS reagents have been used profitably in studies of connexin channels, the potential for reversibility and its implications for rates of reaction have not been explored. In this work, we found that the effects of MTS exposure reversed upon washout with a time course roughly similar to that required to achieve maximal modification. In the absence of an MTS effect on channels that did not contain a cysteine substitution, one possibility was that each of the three cysteine substitutions led to a conformational alteration that allowed the MTS to act as a pore blocker. MTSES has been shown to be a pore blocker in a (cysteineless) CFTR mutant (Li et al., 2009 ). This action seems unlikely in the present work, as the effect of MTS exposure to the cysteine mutants was to increase, not decrease, the currents. The alternative was that the covalent MTS modification of the targeted cysteine was being reversed by reducing agents. If so, then both the degree and kinetics of the functional changes would be contaminated by the reverse reaction. The data show that the reversibility is decelerated and/or lessened when cellular levels of GSH or rGSH are reduced. These results, along with demonstration that GSH and other cellular reductants can permeate Cx26 (and other connexin) channels, indicate that the MTS effect on the connexins containing the substituted cysteines was GSH sensitive, a nominal criterion for MTS-thiol modification, and that cellular GSH had access from the cytosol to the targeted sites within the connexin pore. The subsequent experiments with non-reducible thiol modification by maleimide confirmed the accessibility of the substituted cysteines from the extracellular side of the pore and validated the initial MTS effects.
This finding suggests that for pore channels permeable to small metabolites (e.g., connexins, pannexins, CALHM channels, VRAC), the use of chemical modification to structure-function studies is problematic when using thiol reagents; such studies are likely to be compromised by a reverse reaction caused by GSH permeation. This has not been reported before for classical ion channels that are not permeable to molecules. Previous
Irreversible cysteine modification in the pore
If cysteine modification by MTSES is being reversed by exposure to cellular reducing agents, then cysteine modification by an irreducible linkage should result in maintained modification of the connexin currents. Thioether linkages formed by maleimides are not reversed by reducing agents.
The experiments shown in Fig. 2 were repeated using a negatively charged maleimide (maleimide ES) (Fig. 6 A) . Maleimide treatment of the cysteine mutants decreased the currents (Fig. 6 , B and C) rather than increasing them as had MTSES. We attribute the opposite effect of this modification on the currents to the larger size of the maleimide moiety, which, after reaction with the cysteine thiols, could sterically occlude the pore or affect gating in a way that the MTS reagent could not (e.g., by stabilizing a closed state of hemichannels). No current modification was observed in oocytes expressing D46C mutants, likely because of the inability of maleimide ES to interact with the cysteine at this position. (Lundblad, 2005) . The slow modification may limit the applicability of maleimide reagents to study channel structure and function of connexin channels, as it would be difficult to distinguish whether the rate-limiting reaction is due to the intrinsic lower rate of the reaction or poor diffusional accessibility to cysteine within the pore. Yet certain studies, including fluorescence tagging of substituted cysteine residues, would be more reliable using maleimide than MTS derivatives to prevent reversibility.
Physiological implications
In various contexts, connexin hemichannels have been shown to be permeable to a variety of cellular molecules. Recently, Cx46 gap junctions have been proposed as a pathway for the delivery of GSH to the lens nucleus, which is thought to be critical to keep lens transparency and for protection from oxidative stress (Slavi et al., 2014) .
The results of the present study highlight permeability of rGSH though Cx26 hemichannels (one may infer permeability through Cx26 junctional channels as well). There is a large concentration gradient of GSH across plasma membrane; cytosolic concentrations are typically 1-10 mM, and plasma concentrations are in the low micromolar range (Ballatori et al., 2009 ). Therefore, opening of an unapposed Cx26 hemichannel will passively release substantial GSH. Cellular release of GSH is required for operation of the gamma-glutamyl cycle, in which GSH conjugated to extracellular amino acids plays a key role in amino acid uptake and metabolism (Meister and Powers, 1978; Viña et al., 1989) and protection against oxidative damage (Vargas and Johnson, 2009 ). Members of the VRAC family of channels and MDR transporters have been implicated in GSH release (Marchan et al., 2008; Sabirov et al., 2013) . Flux of GSH through Cx26 hemichannels to the extracellular environment, driven by its 1,000-fold concentration gradient, may have important physiological implications in the inner ear, liver, and skin. In addition, intercellular movement of GSH via junctional channels may also play significant roles in maintaining intracellular redox homeostasis.
work has used cysteine-scanning mutagenesis and chemical modification with MTS derivatives to infer permeability or conformational changes upon gating of connexin hemichannels (Kronengold et al., 2003b; Tang et al., 2009; Verselis et al., 2009; Sánchez et al., 2010) . None of the studies reported modification rates of the state-dependent accessibility for thiol reagents because of technical limitations and perhaps slow modification as a result of reversibility. Some of these studies, however, have elegantly shown changes in unitary hemichannel conductance by MTS reagents when using the excised inside-out patch configuration in which cellular GSH is not a factor (Kronengold et al., 2003b; Verselis et al., 2009 ); unfortunately, quantitative measurements of modification rates are not possible because of profound channel rundown, rapid flickering gating, and/or lack of open probability control in the excised patch configuration.
In an attempt to avoid MTS reversibility by GSH in oocytes where the relative open probability for Cx26 hemichannels is easily measured by electrophysiological methods, we tested two reagents (BSO and TbHO 2 ) to decrease the levels of rGSH. BSO or TbHO 2 treatment did not affect Cx26 wild-type hemichannel currents, as evidenced in the holding currents in Figs. 2 and 3 . Treatment with BSO has experimental disadvantages compared with TBHO 2 because of the long treatment time required to deplete cellular GSH (48-72 h). Chronic depletion of GSH affects the intracellular redox environment as well as several cell-signaling pathways, which can have downstream effects and affect cellular viability. On the other hand, treatment with the membrane-permeable oxidizing agent TbHO 2 rapidly converts rGSH into GSSG (the oxidized form of GSH) and therefore is less likely to have pleiotropic effects or to affect viability. In this work, both agents reduce the reversal of MTS modification of Cx26 currents, with TbHO 2 being more effective (Fig. 4) .
In addition, we used maleimide because the thiol modification by this reagent is a highly specific reaction at neutral pH (at alkaline pH, glycine and proline can be modified by maleimides; Lundblad, 2005) . The reaction with cysteine involves the addition of the thiol across the double bond of the maleimide to yield a thioether, which produces an irreducible linkage. The absence of changes in wild-type Cx26 hemichannel currents (Fig. S1 B) after maleimide exposure indicates that the changes observed for D50C and G45C mutants are caused by specific modification of the introduced cysteines. The maleimide modifications are slow and essentially irreversible, as shown in Fig. 6 . The slow reaction rates observed for maleimide can be explained by low diffusional accessibility to the external pore and/or low velocity of the chemical reaction between maleimide and sulfhydryl groups, which is in the range of 1 to 5 × 10 3 M 1 s 1 in aqueous solutions for free l-cysteines (Gorin et al., 1966) . This is substantially less than that of MTS reagents, which for
